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ABSTRACT
Statistics of geomagnetically induced currents (GIC) in the European high-voltage power grids based on 1-min geomagnetic
recordings in 1996–2008 and on 1-D models of the ground conductivity have been derived in the EURISGIC project (European
Risk from Geomagnetically Induced Currents). The simpliﬁed yet realistic power grid model indicates that large GIC can occur
anywhere in Europe. However, geomagnetic variations are clearly larger in North Europe, so it is the likely region of signiﬁcant
GIC events. Additionally, there are areas in the North with especially low ground conductivities, which further tend to increase
GIC. The largest modelled GIC values at single substations in 1996–2008 are about 400 A in the Nordic Countries, about
100 A in the British Isles, about 80 A in the Baltic Countries, and less than 50 A in Central and South Europe. The largest
GIC event in the period studied is the Halloween storm on 29–30 October 2003, and the next largest ones occurred on 15 July
2000 and 9 November 2004.
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1. Introduction
The EURISGIC (European Risk from Geomagnetically
Induced Currents) project has applied previous methods to cal-
culate geomagnetically induced currents (GIC) at a continental
scale (Viljanen 2011; Viljanen et al. 2012). One objective of the
EURISGIC project is to derive a map showing the statistical
occurrence of GIC throughout Europe. This helps power com-
panies to assess a possible GIC risk and to analyse past events
which possibly have affected power transmission.
In a recent paper, Viljanen et al. (2013) considered the
model of the Finnish 400 kV power grid in 1978–1979. Using
the ground conductivity models by A´da´m et al. (2012) and geo-
magnetic data of the active year 2003, they calculated GIC in
the grid when moved across Europe. This made it possible to
present a map of relative GIC amplitudes at different locations
in Europe. Because the precise parameters of the Finnish grid of
1978–1979 are known, the map provides a quantitative refer-
ence model. Viljanen et al. (2013) also discussed the sensitivity
of the results with respect to variations of the grid parameters.
In this paper, we consider GIC in the European high-voltage
power grids (220 kV and above) during a full sunspot cycle in
1996–2008. We ﬁrst brieﬂy summarize the methods, after which
we present characteristic spatial and temporal features of GIC.
2. Methods
Viljanen et al. (2012) provide a recent comprehensive overview
of modelling GIC in a large power grid. We will not repeat the
details here, but concentrate on the most relevant points con-
cerning input data and output quantities.
The ﬁrst step is to calculate the geoelectric ﬁeld at Earth’s
surface. For this, we use geomagnetic recordings as 1-min time
series from European observatories and other measurement
sites in 1996–2008. We relate the local magnetic ﬁeld to the
electric ﬁeld by the surface impedance determined by the local
1-D ground conductivity model given by A´da´m et al. (2012).
We consider two cases here: a single 1-D ground model applied
everywhere, and the full conductivity map with several different
blocks. The former illustrates how the spatial variability of
geomagnetic variations affects the electric ﬁeld. The latter also
takes into account the variability due to the ground itself.
We consider GIC in a prototype grid model covering
Europe in four separate parts: (1) South and Central Europe;
(2) Nordic countries (including North-West Russia); (3) British
Isles (UK and Ireland); (4) Baltic countries (see Fig. 1 for a
schematic map). As discussed by Viljanen et al. (2012), the
power grid model includes approximations and thus provides
only indicative measures for GIC.
The effect of the topology of the grid on GIC is illustrated
in Figure 1. Assuming a spatially uniform electric ﬁeld reveals
the sites at which large GIC are possible. A general ﬁnding is
that nodes at the edges of the grid are such locations. Addition-
ally, there are corner points or end points of lines in the middle
parts of the grid that can also experience large currents. As
Figure 1 shows, nearly equally large GIC can, in principle,
occur in any part of the European grid.
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The basic output of the GIC software is a 1-min time series
of GIC values at each node of the power grid. The total number
of 1-min time steps in 1996–2008 is about 6.8 million. All val-
ues are not routinely saved, but information is summarized by
the following quantities at each node. In this paper, GIC refers
to the sum of the induced currents in the three phases of a
power system. We consider only the absolute values, since they
are relevant concerning possible effects on transformers.
d Hourly maximum.
d Daily maximum and its occurrence time.
d Daily averages.
d Hourly averages.
d Histogram data (number of values for each selected bin).
Additionally, we save the sum of GIC of all nodes (substa-
tions) as 1-min values.
3. Results
3.1. Electric ﬁeld
We used a ground conductivity model of Europe consisting of
blocks with a layered structure (A´da´m et al. 2012). The full
block conductivity model is available at http://real.mtak.hu/
2957/ and reproduced as additional material to our paper.
Figure 2 shows the blocks and the conductances calculated
by integrating the conductivity from the surface down to
80 km. This map indicates qualitatively the expected magni-
tudes of the electric ﬁeld. If the magnetic variation ﬁeld is iden-
tical everywhere then the electric ﬁeld is larger in blue areas
with smaller conductivities in the top ground layers. Outside
of the blocks shown in the ﬁgure, we assume a simple 2-layer
ground model (Viljanen et al. 2006), whose upper layer is
150 km and resistivity is 38.5 X m. The lower inﬁnite layer
has the resistivity of 0.385 X m. However, the exact choice
of this model is irrelevant, since these areas are outside of the
power grid.
We also considered a simpliﬁed test case assuming a single
layered model of the ground conductivity everywhere (Table 1).
The selected model represents a region mostly in Lithuania in
the latitude range of 54.5–57.2 N and longitude range of
20.0–26.7 E. The related conductance represents a typical value
of the full conductivity map in Figure 2, as shown by Viljanen
et al. (2013).
We calculated the maximum value of the electric ﬁeld on
each day in 1996–2008 in a regular surface grid covering the
area in Figure 2. The medians of these values are shown in
Figure 3. The left-hand-side plot in Figure 3 shows the obvious
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Fig. 1. GIC in the European high-voltage grid due to a spatially constant electric ﬁeld of 1 V/km pointing to the North (left plot) or to the East
(right plot). Red denotes currents ﬂowing from the grid into the ground and blue denotes currents ﬂowing from the ground into the grid.
Fig. 2. Conductances all over Europe obtained by the integration of
the conductivity down to the depth of 80 km. Figure based on A´da´m
et al. (2012). Numerical values are available at http://real.mtak.hu/
2957/.
Table 1. Thicknesses and resistivities of the layers in the ground
model applied for whole Europe in a test case.
Thickness (km) Resistivity (X m)
0.4 40
1.3 3
140.0 2000
170.0 118
1 15
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feature that larger geomagnetic variations at high latitudes also
cause larger electric ﬁelds there. The right-hand-side plot in
Figure 3 has a more complicated structure, because the varia-
tions of the ground conductivity are mixed with the spatial var-
iability of the geomagnetic ﬁeld. In both cases, the electric ﬁeld
has its largest values in North Europe at geographic latitudes
higher than about 55 degrees. We also note that the sharp
decrease of the electric ﬁeld in the North-West corner is due
to the lack of geomagnetic recordings there. The interpolated
magnetic ﬁeld at that region approaches zero when the distance
from observatories increase.
3.2. Occurrence of GIC in the European grids
As already mentioned, we calculated GIC as 1-min series at all
nodes of the prototype power grid model. Because this model is
an approximation, we prefer to present geographically averaged
results. We illustrate the idea ﬁrst for the Finnish grid. The left-
hand-side plot in Figure 4 shows the maximum GIC in
1996–2008 at single substations. For averaging these results,
we set a regular grid on the map, and for each grid point, we
consider the nearest four substations. The GIC value given
for the grid point is the mean value of the maximum GIC at
the four substations. As the right-hand-side plot in Figure 4
shows, such a smoothing provides a reasonable regional indica-
tor of GIC magnitudes. Due to the averaging method, the max-
imum GIC is smaller than at any single substation.
The result for whole Europe is shown in the upper plot of
Figure 5. The maximum GIC are much larger in North Europe
than elsewhere, as expected based on the electric ﬁeld distribu-
tion in Figure 3. The British Isles and Baltic Countries also
have larger GIC than Central and South Europe. For clarity,
we present Central and South Europe separately in the lower
plot of Figure 5. There is a cluster of ‘‘hot spots’’ in the middle
parts of the grid in a zone from France to Hungary. This region
has a small conductance as shown in Figure 2, so an enhance-
ment of the electric ﬁelds and GIC can be expected there. Con-
sequently, we note the fairly notable effect of the ground
conductivity on the amplitudes of GIC. If we assume the single
conductivity model of Table 1, thus ignoring spatial variations
due to a nonuniform ground, then the maximum sites are con-
centrated in the coastal area from France to Germany (ﬁgure not
shown). This is clear, because geomagnetic variations are large
there causing large electric ﬁelds, and there are also several
edge nodes which are prone to GIC (cf. Fig. 1).
Table 2 gives explicit values of the largest modelled GIC at
single substations in different parts of Europe. They are consis-
tent with the characteristics of the geoelectric ﬁeld (Fig. 3).
Nordic countries experience clearly the largest GIC, whereas
in South and Central Europe the maxima are about one decade
smaller. We emphasize that the values in Table 2 are only
indicative due to uncertainties in the power grid and ground
Fig. 3. Left: median of the daily maximum values of the electric ﬁeld in 1996–2008 using the conductivity Model 01 of Table 1 and a regular
surface grid covering the area in Figure 2. Right: as in the left, but using the full conductivity map shown in Figure 2. In both plots, the largest
value is normalized to unity.
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Fig. 4. Left: maximum of the modelled GIC at the substations of the
Finnish high-voltage power grid in 1996–2008. Right: regionally
averaged presentation of the maximum GIC. The scale of the dots is
different in the plots.
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conductivity models. Beggan et al. (2013) have recently esti-
mated extreme GIC in the UK. For a return period of once
per 30 years, they ﬁnd in their Table 4 the maximum GIC to
be a little larger than 100 A. This is comparable to our estimate
of the maximum of 100 A in 1996–2008. As a side note,
Beggan et al. (2013) estimate that the largest GIC occurring
in the UK once in 100 years could reach about 300 A and even
exceed 500 A once in 200 years.
For comparison, Table 3 shows the result when assuming a
single ground conductivity model given in Table 1 everywhere.
The Nordic countries still have the largest GIC values, although
the difference to the other parts of Europe is smaller than in
Table 2. This is due to the larger conductivity in the Nordic
Countries when using the ground model of Table 3 instead of
the full conductivity map. The increase of the maximum GIC
in the continental Europe follows from the lower conductivities
especially in Denmark and in the North-West parts of continent.
Because geomagnetic variations are largest there and these parts
are at the edge of the grid, GIC tend to increase there. On the
other hand, regions in the middle part of the continent now have
a larger conductivity and smaller GIC.
Table 4 shows the list of the most active GIC days. The
activity measure used here is the largest daily sum of GIC at
all nodes as calculated from 1-min values. Division of the
sum by the number of nodes gives a meaningful scaling. Most
of the top events occur after the year 2000 during the descend-
ing phase of the sunspot cycle 23. The Halloween storm on
29–30 October 2003 is deﬁnitely the largest event in the
European scale. To see whether the ranking of storms changes
signiﬁcantly depending on the geographic region, we also con-
sidered separately the four parts of the European grid. Then the
top days were 29 or 30 October 2003, except for South and
Central Europe where 15 July 2000 is the ﬁrst one being
slightly more active than 29–30 October 2003.
Besides looking at daily maximum values, it is appropriate
to measure activity by studying 1-min values too. We sorted the
Table 4. Most active GIC days in the European high-voltage power
grid according to the maximum 1-min sum of GIC of all nodes
divided by the number of nodes.
Day GIC A Day GIC A
01 20031030 10.0 21 20031014 3.1
02 20031029 9.3 22 19980924 3.1
03 20000715 7.5 23 20030529 3.1
04 20041109 5.8 24 20020907 3.0
05 20011106 4.8 25 20041107 2.9
06 20031031 4.8 26 20020523 2.8
07 20000406 4.8 27 19990922 2.8
08 20041108 4.2 28 19980827 2.8
09 20021001 3.9 29 20011022 2.8
10 20011124 3.9 30 20010413 2.8
11 20010331 3.8 31 19990730 2.7
12 20050911 3.7 32 20000918 2.7
13 20050824 3.7 33 20050508 2.6
14 19980504 3.5 34 20050107 2.6
15 20000917 3.5 35 20051211 2.5
16 20031120 3.5 36 19990113 2.4
17 20050121 3.2 37 20031122 2.4
18 20040726 3.2 38 20061215 2.4
19 20050515 3.2 39 20011012 2.4
20 20000524 3.2 40 20040727 2.4
Table 3. As Table 2 but assuming a single ground conductivity
model of Table 1 everywhere.
Region Top 1 Top 10 Max Median
Nordic 184.1 107.7 35.0 26.6
Baltic 88.4 26.5 21.2 16.6
British Isles 68.4 43.6 16.3 12.6
Continent 94.3 45.3 9.7 7.3
All 184.1 107.7 15.9 9.9
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Fig. 5. Top: regionally averaged maximum of the modelled GIC at
the substations of the European high-voltage power grid in 1996–
2008. Bottom: separate presentation for Central and South Europe.
For clarity, the scales are different in the ﬁgures.
Table 2. Maximum GIC A (top 1), the 10th largest maximum (top
10), average of the maximum GIC and median of the maximum GIC
at the substations in different parts of the European high-voltage
power grid. Continent refers to South and Central Europe.
Region Top 1 Top 10 Max Median
Nordic 427.0 184.3 56.6 41.8
Baltic 77.7 39.5 23.9 18.1
British Isles 96.5 57.8 20.5 15.2
Continent 50.0 32.7 7.5 5.2
All 427.0 184.3 19.3 9.2
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full time series of the sum of GIC and counted the daily occur-
rence of large values (Fig. 6). By ‘‘large’’, we refer to values
exceeding the threshold for a given quantile of 0.001%,
0.01% and 0.1% of the top values. Such a ranking demonstrates
even more clearly that the 29–30 October 2003 storm was the
most dominating in 1996–2008. This holds for the separate
parts of the European grid too.
The top 1-min values of the 0.001% quantile occurred on
eight different days in 1996–2008, which roughly means one
day every 1.5 years on average. However, there were such days
only in 2000–2001 and 2003–2004 in the 13-year period. The
top 0.01% quantile corresponds to 3–4 days per year, or to an
active day about every 3rd or 4th month. The lowest category
of the top 0.1% cases is quite common occurring once or twice
every month. However, these events are not uniformly distrib-
uted either, but there are months below this activity level.
Especially, 2007–2008 were nearly completely quiet in this
sense (cf. Minamoto & Taguchi 2009).
The seasonal distribution of large GIC is shown in Figure 7.
Again, the dominance of the October 2003 storm is very strong
causing apparent bias. To see this, we made a test by excluding
29–31 October 2003. Then the activity in October decreases to
about the same level as in September. However, there is now a
prominent maximum in November 2003, as could expected
from Figure 6 too. Consequently, the time series of
1996–2008 does not produce a clean seasonal variation of
top GIC values.
The diurnal distribution (Fig. 8) has also certain features
due to the 29–30 October 2003 storm. Especially for the top
0.001% values, there is high activity in 7–8 UT and in
19–21 UT. This morning maximum is due to the active time on
29 October 2003 related to the large sudden impulse and con-
sequent variations at the beginning of the storm. The evening
maximum is associated with rapid variations of the strong west-
ward electrojet on 30 October 2003, which caused the blackout
in Malmo¨ in southern Sweden (Pulkkinen et al. 2005). When
considering the 0.1% top values, the diurnal distribution
becomes more regular with a quiet time close to noon and an
evening maximum followed by quite high activity in the morn-
ing. This is consistent at least with the high-latitude behaviour
of the time derivative of the magnetic ﬁeld with intensiﬁcations
due to the evening westward electrojet and morning pulsations
(Viljanen et al. 2001; Weigel et al. 2003; Viljanen & Tanskanen
2011). We remark that a detailed study of the diurnal behaviour
should be done more locally to consider better the magnetic
local time instead of UT.
Distributions of the continuous sequences of a large sum of
GIC are shown in Figure 9. They typically last only a few min-
utes, although there are some much longer events. For the
European grid, the longest sequence occurs on 6 November
2001 with all thresholds (Fig. 10 shows the case of top 0.1%
values).
4. Discussion
Estimations of the maximum GIC given in Table 2 and the list
of the largest events in Table 4 get some independent support
from European GIC recordings. In 1996–2008, the Fingrid
Oyj power company has performed measurements at three
transformer neutrals in Finland (Pirttikoski, Rauma, Yllikka¨la¨).
The largest value was about 40 A at Pirttikoski (30 October
2003), 42 A at Rauma (30 October 2003) and 27 A at Yllikka¨la¨
(15 July 2000). The true resistances met by GIC at the trans-
former stations are larger (1–3 ohm) than assumed in the proto-
type grid model (0.5 ohm everywhere). We can then roughly
estimate that 100 A could have reached with smaller
resistances.
Recordings at the Finnish natural gas pipeline give
additional information. Although the pipeline is different from
the power grid, GIC along the pipeline reaches comparable
Fig. 6. Days of large GIC as ranked by the sum of absolute GIC of
all nodes in the European high-voltage grid (number of large 1-min
values shown). From top to bottom panel: occurrence of the top
0.001%, 0.01%, 0.1% of all values.
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magnitudes. The largest pipeline GIC during the study period is
57 A on 29 October 2003 (Viljanen et al. 2010).
The largest GIC measured at a transformer in southern
Sweden are 269 A on 6 April 2000, 222 A on 15 July 2000
(Wik et al. 2008) and 200 A on 30 October 2003 (Wik et al.
2009). In Scotland, the peak value has been about 40 A on
30 October 2003 (Thomson et al. 2005). A recent study by
Myllys et al. (2014) using precise parameters of the Norwegian
power grid gives consistent results with the simpliﬁed
EURISGIC grid model.
The number of available GIC recordings from Central and
South Europe is very small. Torta et al. (2012) have recently
modelled GIC in a small part of the Spanish grid. For the event
of 24–25 October 2011 they show a measurement of about 2 A.
Fig. 7. Seasonal distribution of the largest 1-min GIC sums in the European high-voltage power grid. From top to bottom: occurrence of the top
0.001%, 0.01%, 0.1% of all values.
Fig. 8. Diurnal distribution of the largest 1-min GIC sums in the European high-voltage power grid. From top to bottom: occurrence of the top
0.001%, 0.01%, 0.1% of all values.
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Although this is a rather quiet event, they could use it to esti-
mate GIC during a severe storm of 24 March 1991 indicating
a current of about 33 A at one substation. This supports our
estimations that tens of amperes are possible during the largest
storms in South and Central Europe.
We also note that GIC up to 76 A (9 November 2004) have
been reported in China (Liu et al. 2009), which corresponds to
South Europe regarding geomagnetic latitudes. When compar-
ing the Chinese results to Europe, we must take into account
that there are long transmission lines up to 300 km in China,
which favours the existence of larger GIC than in Europe with
clearly shorter lines. There are also recordings and estimations
of GIC in Japan indicating the possibility of currents up to
about 20–25 A (Watari et al. 2009; Pulkkinen et al. 2010).
Studies in the southern hemisphere show that the same
storms have caused the major events there as in the North.
Examples are available from Australia (Marshall et al. 2011),
New Zealand (Marshall et al. 2012), South Africa (Ngwira
et al. 2008) and Brazil (Trivedi et al. 2007).
5. Conclusions
There are three factors contributing to the occurrence of GIC:
topology of the power grid, geomagnetic variations, and the
ground conductivity. The prototype grid model used in this
study indicates that all areas in Europe can in principle experi-
ence large GIC if the electric ﬁeld has no spatial variations.
However, the spatial variability of both the magnetic ﬁeld
and the ground conductivity create strongly nonuniform electric
ﬁelds.
As is well-known, the geomagnetic ﬁeld and its time deriv-
ative are generally larger in the north close to the auroral region
than in South and Central Europe. If the ground conductivity
were identical everywhere then the electric ﬁeld would decrease
smoothly towards the south on average. The true conductivity is
much more complex, which causes an additional spatial varia-
tion. However, North Europe is still the most likely area of large
electric ﬁelds. Especially, there are regions in the North having
a small ground conductivity, which tends to further increase the
electric ﬁeld. There are similar regions in Central Europe pro-
ducing local maxima of the electric ﬁeld, although the magni-
tudes remain clearly smaller than in the North.
Based on geomagnetic data of 1996–2008 and the ground
conductivity model consisting of 1-D blocks, GIC levels are
highest in the Nordic countries (maximum up to a few hundred
Fig. 9. Distribution of continuous sequences of the largest 1-min GIC sums in the European high-voltage power grid. From top to bottom:
occurrence of the top 0.001%, 0.01%, 0.1% of all values. The maximum length of the sequences corresponding to each activity category is also
given in the subplots.
Fig. 10. Sum of GIC in the European high-voltage power grid on
6 November 2011. Red colour denotes periods when the sum
exceeds the limit for the top 0.1% values (cf. Fig. 9). The longest
sequence of large GIC lasts for 149 min.
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amperes as 1-min values) and clearly smaller in South and
Central Europe (less than 50 A). However, we emphasize that
the amplitude of GIC does not directly give the probability of
problems in a grid, but the internal construction of transformers
and adjustments of relay operations, for example, play a major
role concerning the vulnerability of a system to GIC. To study
this aspect is beyond the objectives of the EURISGIC project.
We have shown that the large majority of single site max-
ima of GIC in 1996–2008 occurred during a few days only,
of which 29–30 October 2003 are dominating. A more detailed
investigation of GIC in the European high-voltage power grid
during these largest storms will be considered in a later paper.
Another important topic is to speculate whether a superstorm
much larger than any event in 1996–2008 could cause extraor-
dinary high activity in South and Central Europe too. Thomson
et al. (2011) and Pulkkinen et al. (2012) have performed statis-
tical studies to assess the magnitude of such rare events, and
Ngwira et al. (2013a) investigated 12 severe magnetic storms
in 1989–2005. As a recent case study, Baker et al. (2013) con-
sidered an extreme solar wind event on 23–24 July 2012
observed by STEREO-A. The solar eruption was not Earth-
directed, but Ngwira et al. (2013b) performed a simulation
assuming that it would have hit Earth. They found that geoelec-
tric ﬁelds could then have been comparable or larger than dur-
ing the March 1989 and October 2003 storms. Especially, they
noted that the geoelectric ﬁelds at mid-latitudes could have been
larger than reported by Ngwira et al. (2013a). In such a case,
most regions of Europe would have experienced a major GIC
event.
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